| INTRODUCTION
There are various publications on ECG in different breeds of dairy cattle in the veterinary literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] In the cattle, standard ECG represents an inexpensive, noninvasive technique for the characterization of cardiac arrhythmias, and it gives useful prognostic information. 9, 10 In cows, standard ECG is usually performed using the base-apex lead placement. 7, 10 It requires the use of an electrocardiographic machine, cables, and electrodes. Therefore, standard ECG might not always be practicable, especially in the field and under farm conditions.
Recently, single-lead ECGs recorded with smartphone devices using specific adaptors and software have been developed in human medicine. 11, 12 The accuracy of smartphone ECG tracings in measuring heart rate (HR), evaluating heart rhythm, and detecting ECG changes associated with myocardial ischemia is acceptable. [13] [14] [15] [16] [17] [18] [19] Similarly, in dogs, cats, and horses, smartphone ECG provided adequate tracings for the assessment of HR and cardiac rhythm. [20] [21] [22] Abbreviations: App HR, heart rate automatically calculated by the smartphone application; bpm, beats per minute; HR, heart rate.
The aim of the our study was to assess the reliability of a smartphone ECG device to evaluate HR and ECG values in healthy dairy cows.
| MATERIALS AND METHODS

| Animals
A total of 55 Holstein Friesian cows were recruited from the C.I.R.A.
A. "E. Avanzi," the Dairy Farm of the University of Pisa. In order to be included in the study, cows had to be healthy based on history and physical examination.
Our prospective observational study was approved by the Institutional Animal Care and Use Committee of the University of Pisa (45965/2016). An owner's written consent was obtained for ECG recording for the cows included in the study.
| ECG acquisition and analysis
The ECGs were recorded at the farm between 9.00 and 12.00 in the morning. Cows were trained to stand in self-locking stanchions where they were then restrained for a maximum of 15 minutes each for ECG measurements. Both standard base-apex ECG and smartphone ECG were simultaneously acquired for 60 seconds in the standing, unsedated, and unclipped cows. A small amount of alcohol was used to optimize contact and obtain a good quality ECG signal for both methods. The ECG tracings were recorded only when animals were standing quietly. The standard base-apex ECG (MAC 1600 ECG system; GE Healthcare, Milano, Italy) was acquired as previously described. 7 The positive electrode was positioned at the level of the 5th left intercostal space, caudal to the olecranon, and the negative electrode on the jugular furrow in the lower 1/3 of the left side of the neck. The 3rd electrode was attached away from these 2 electrodes, at the level of the point of the left shoulder. A smartphone ECG tracing was recorded simultaneously, starting and ending at the same time as the standard ECG, using a single-lead bipolar ECG (AliveCor Veterinary Heart Monitor; AliveCor, San Francisco, California) and its soft- and QRS complex polarity (positive/negative). 7 The mean HR was calculated as the mean value of 3 independent HR calculations. Three areas of 6 seconds in duration were randomly selected on the ECG tracings. The number of QRS complexes was counted over these 6 seconds and multiplied by 10 to calculate the HR per minute (bpm).
The mean HR automatically calculated by the smartphone application (App HR) was also recorded. Bradycardia was defined as an HR < 65 bpm and tachycardia with an HR > 90 bpm. 23 Each wave or interval duration was calculated using 3 randomly selected heartbeats, and the mean of these 3 measurements was used for statistical analyses.
| Statistical analyses
The analyses were performed only with paired ECG tracings that were acceptable for interpretation, and the standard ECG was set as the Statistical analyses were performed with a commercial software (GraphPad Prism 6, La Jolla, CA). A P value <.05 was considered significant.
3 | RESULTS
| Animals and feasibility
All 55 recruited Holstein Frisian cows were enrolled in the study. The median age was 4 years (range: 2-7 years), the median lactation number was 3 (range: 1-5), the median number of days in milk was 78 (range: 20-110), the median body weight was 720 kg (range:
525-800 kg), and the median body condition score was 3.25 (range:
2.5-4) of 5.
Electrocardiographic recording was feasible with both standard and smartphone ECG in all cows, and all animals tolerated the procedure well. On standard ECG tracings, all cows enrolled in the study showed sinus rhythm and no baseline artifacts were identified. Fortynine of the 55 (89%) recorded smartphone ECG tracings were judged acceptable for interpretation (Figure 2) . Six of the 55 (11%) smartphone ECG tracings were considered inadequate for interpretation because of the presence of baseline artifacts in most of the tracings and were excluded from further analyses.
| Heart rate
According to the standard ECG, 40 of 49 (82%) cows had a normal HR, 4 of 49 (8%) had bradycardia, and 5 of 49 (10%) had tachycardia.
Median, minimum, and maximum values of HR evaluation obtained with the standard ECG method, HR evaluation manually measured on digitized tracings, and App HR evaluation are reported in Table 1 .
A perfect agreement (κ = 1) between smartphone and standard ECG was found in the classification of HR when it was measured manually on digitized tracings. The bias between the HR value measured manually on standard ECG and smartphone ECG was 3 bpm (95% limits of agreement: −10, +17 bpm) ( Figure 3A ).
In contrast, the bias between the App HR and the HR measured manually on standard ECG tracings was −7 bpm (95% limits of agreement: −75, +61 bpm) ( Figure 3B ). The App HR was less accurate than the manually measured HR on smartphone ECG but still showed a moderate concordance with standard ECG (k = 0.60).
| P wave, PR interval, and QT interval
Median, minimum, and maximum values for the duration of P wave, PR interval, and QT interval obtained with the standard ECG and the smartphone ECG methods are reported in Table 1 was found between standard and smartphone ECG for P polarity. Figure 3F ).
| QRS complex analysis
FIGURE 3
Limits of agreement (Bland-Altman) plots showing differences between heart rate (HR) values manually measured on standard ECG (HRst) and (A) smartphone ECG tracings (HRsm) and (B) values produced by the smartphone application (HRapp); (C) differences between duration of P wave measured on standard ECG (ECGst) and smartphone ECG tracings (ECGsm); (D) differences between PR interval measured on ECGst and ECGsm; (E) differences between QRS complex measured on ECGst and ECGsm; and (F) differences between QT interval measured on ECGst and ECGsm Abbreviations: bpm, beats per minute; HR, heart rate, HR App , heart rate automatically calculated by the smartphone ECG application.
| Artifacts
Among the 49 smartphone ECG tracings judged interpretable, 11 (22%) presented baseline artifacts. The median duration of baseline artifacts on smartphone ECG tracings was 5.7 seconds (range: 1.9-10.9 seconds), corresponding to a median 9% of the total duration of each smartphone ECG tracing. No baseline artifacts were detected on standard ECG tracings. The prevalence of artifacts was significantly higher in smartphone ECG tracings in comparison to standard ECG tracings (P = .005).
| DISCUSSION
The main findings of the present study are that (1) smartphone-based ECG was feasible in cows, (2) most smartphone ECG tracings were adequate for interpretation, and (3) reliable measurements of HR, waves, and intervals could be obtained from smartphone ECG tracings.
The recording of smartphone ECG was easy to perform in all cases and well tolerated by the animals. The smartphone ECG was considered to be feasible under field conditions and thus its application might have relevance for clinical practice.
In our study, the smartphone ECG tracings were interpretable in 89% of cases, which is in line with findings in other species. In particular, smartphone ECG tracings are interpretable in 87%-99.6% of human patients, 17, 24 in 97.6% of dogs, 21 and in 96% of horses. 22 In 22% of our smartphone ECG tracings, short segments with motion or muscle tremor artifacts on the isoelectric line were present; however, they did not prevent measuring HR and ECG waves' duration. Only 6 of all 55 smartphone ECG tracings were judged noninterpretable because of the presence of too many (≥20% of the tracing) motion or muscle tremor artifacts.
Regarding HR, few cows showed mild bradycardia (n = 7) or tachycardia (n = 5). The HR of cows with bradycardia was never below 60 bpm. None of these animals showed signs of cardiac disease. Sinus bradycardia has been observed in cattle under conditions of increased vagal tone, such as in cows deprived of food, 25, 26 with anorexia, and in cows with central nervous disorders. 27 All cows that presented bradycardia in our study had normal appetites and showed no signs of pathological conditions. Cows that showed an increased HR were all healthy based on clinical examination and did not present any signs of cardiac or general disease. The increased HR found in few animals in our study might have been caused by stress at the time of ECG recording. Thus, both bradycardia and tachycardia in otherwise normal cattle should not be taken as a sign of heart disease unless it is persistent or associated with signs of cardiac failure. 28 The smartphone ECG showed perfect agreement with the standard method when HR was measured manually on digitized tracings in cows, in accordance with findings in dogs and in horses where there is an excellent agreement between the 2 methods. [20] [21] [22] The accuracy of App HR was good in comparison to HR measured manually on digitized tracings. The App HR seemed to provide slightly less accurate results in cows than in dogs 21 but was in line with findings in horses. 22 In our experience, the App HR was totally unreliable in few cows (n = 6/55), because the App HR interpreted tall T waves as QRS complexes, leading to erroneous HR determination.
The smartphone ECG was reliable regarding the evaluation of ECG waves and intervals' duration, leading to minimal differences of no clinical relevance in comparison to the standard ECG. The only disagreement was found in the evaluation of P wave polarity. It was mainly positive on standard ECG and mainly negative on smartphone ECG. In 10% of the cases, the P wave was not clearly visible on smartphone tracings. Similarly, a previous study in horses showed that there was no good agreement in P wave polarity between standard and smartphone ECG tracings. 22 A possible explanation for the observed discrepancy is that the single lead of the smartphone device is essentially a precordial lead, evaluating a different anatomic plane than the 1 of the standard ECG. Thus, the atrial depolarization vector might generate P waves of different amplitude and polarity according the ECG-lead system used. The clinical relevance of our findings should be further evaluated in a study including cows with supraventricular arrhythmias, especially atrial fibrillation, which is common in cattle with digestive disorders. 4, 25, 26 A good agreement was found for the analysis of the QRS complex polarity, and in most cows, the QRS complexes showed the same polarity on smartphone ECG and standard ECG tracings. The smartphone ECG has good agreement in the analysis of the QRS complex in assessing both duration and polarity as previously found in dogs 21 and horses. 22 The QRS complex polarity can be useful in the evaluation of ectopic beats. 29 Thus, further studies should be performed to verify the reliability of smartphone ECG in detecting ectopic beats in cows.
No arrhythmias were detected in our study population, thus no statistical analysis could be performed to assess the diagnostic accuracy of the smartphone ECG for detecting cardiac arrhythmias. Our result is not unexpected as only healthy cows were included in the study. Detection of cardiac arrhythmias will have to be assessed in further studies in cows with cardiac abnormalities. Another limitation of our study might be that the smartphone tracings were acquired by 1 investigator only and that the evaluation of suitability for interpretation was also done by only 1 (different) investigator. Thus, interoperator variability was not evaluated in our study and will need to be explored in further studies.
In conclusion, good quality single-lead ECG tracings could be recorded by the use of a commercial smartphone device in healthy cows. The smartphone tracings were reliable for evaluation of HR, duration of ECG waves and intervals, and QRS polarity. Smartphone ECG technology could represent a reliable diagnostic tool for electrocardiographic screening of cows, especially under field conditions. However, the smartphone ECG device cannot be a substitute for standard baseapex ECG. Further studies are needed to assess the diagnostic value of smartphone ECG in the diagnosis of cardiac arrhythmias in cows. 
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